North Korea conducted its first nuclear test in 2006, and most recently the sixth nuclear test on September 3, 2017.
Introduction additionally carried out. In addition, North Korea dug shafts horizontally, not vertically, within the nuclear test site in Punggye-ri, due to problems of cost, which not only raises the possibility of collapse, but also transfers the explosive energy of nuclear tests to its surrounding soil, increasing the possibility of natural earthquakes (Kim, 2017) .
These natural earthquakes may also lead to fallen caves such as those that occurred after the sixth nuclear test, and when the ground falls and collapses like those fallen caves, the radioactive substances buried can leak out of the ground (Kim, 2017) . As the sun emits radiation, all kinds of living things including humans are exposed and adapted to a small amount of radioactive substances inside and outside their body, but the excessive exposure to radioactive substances beyond their permissible level results in a considerable amount of damage (Hong, 1993) .
Underground nuclear tests are known to melt rocks within shafts and transform them into hyaline rocks, and they, in turn, block radioactive byproducts, but radioactive substances can flow into nearby veins of water and contaminate groundwater (Ham, 2017) . The most serious problem is that it has been little known whether North Korea has properly followed a series of processes for nuclear development, or whether it has conducted nuclear tests with proper safety measures in place. Based on the fragmented information heard from North Korean defectors, people de-scribe North Korea's nuclear disposal very negatively.
North Korea's nuclear tests have raised concerns in the international community, and have significantly affected both its society and security, which has highlighted the importance of collecting national information such as promptly detecting and reliably analyzing additional nuclear tests in North Korea and large-scale explosive phenomena observed in neighboring countries (Je, 2008) . In order to identify the impact of nuclear tests in North Korea on surrounding environments, it is required to analyze them based on the results of scientific experiments. Even if North Korea's nuclear tests and their consequent environmental destruction may not pose deadly threats to the environment of the Korean Peninsula right now, it is important to identify their impact and establish measures in advance in order to minimize their potential threats and damage (Jang, 2017 (Jeon, 2017) . The website compared images of the site taken by a commercial satellite on September 1 and 4, and analyzed damage that the sixth nuclear test brought to its surrounding areas ( Fig. 1 ). Traces of numerous landslides were observed near the top of the mountain located near the shaft in the north of the Punggye-ri Fig. 1 . Photographs around the Punggye-ri nuclear test. Reprinted from "38 North 'Northern Punggye-ri mountain range, landslide occurred due to nuclear test'-North Korea's sixth nuclear test has caused extensive regional damage...There's no sign of a breach-" by K.W. Jeon, 2017, September 6, NewDaily. nuclear test site after the sixth nuclear test. Traces of landslides, destroyed forests and exposed ground surfaces that were caused by vibration from the nuclear test were observed in broad areas around Mt. Mantap (elevation: 2,205 m) near the nuclear test site. These results indicate that North Korea's nuclear tests pose a serious impact on the destruction of forests near the site, which requires a scientific and systematic approach.
One of the scientific and systematic approaches that can be adopted is the utilization of spatial images taken by satellites. Those images have been utilized in various fields including global environmental management and climate change and more recently in areas closely related to daily life. In particular, various imagery information collected from satellites is utilized in activities related to environment, sea, geology, forestry, agriculture and meteorology, such as producing maps, but also in almost every area where humans are involved. Since these kinds of imagery information collected from satellites differ depending on their characteristics such as spatial resolution, spectral resolution, temporal resolution, etc., areas of utilization are very broad (Cho, 2015) . In particular, Google Earth utilized in this study is a satellite-based spatial information service provided by Google, a multinational company, and provides 2.5m-resolution SPOT images as basic data (Ki, 2016; Kim, et al., 2012) . Google Earth seems to be the most useful data source that can replace a limited amount of environmental and geographic information on North Korea .
There are still some difficulties in handling environmental pollution such as radioactivity in detail through spatial images of Google Earth, but it is encouraging to see that Google Earth continues to evolve as advanced technology has been adopted. For instance, the level of fine dust 
Research Methods

Earlier studies
As GIS-based spatial information services provided through the Internet are increasingly common today, various and precise spatial information that was not accessible in the past are available free of charge today. One of the most popular services is Google Earth, a spatial information service provided by Google, a multinational company, based on satellite spatial images. Google Earth has been utilized in various areas, and, in particular, it has been actively utilized to acquire geographic information on disaster and As such, Google Earth is mainly used to preemptively prevent disasters and to secure the safety of humans, but when natural disasters occur, it can be utilized to establish plans for rescue. It is because situations in disaster areas can be monitored in real time through Google Earth. It also allows to develop maps of emotions that integrate geographic information with sensory information, supporting reasonable urban development. Christian Nold, a designer in the United Kingdom, built data on emotional reactions of people towards certain urban areas, integrated them with Google Earth and created the world's first two-way map that showed geographic information and human emotions simultaneously. As the map of emotions shows how people react to certain social places such as parks and squares, and to which point of intersection of roads people tend to show more emotional reactions, it can be utilized in establishing basic guidelines for urban development or plans for reasonable urban development.
In this study, Google Earth, an Internet-based geographic information service, was utilized as an alternative in order to overcome the limits of conventional geographic information.
Google Earth provides satellite images of over 2.5m spatial resolution as basic data. For large cities or certain facilities, it provides 1m high-resolution satellite images. As Fig. 1 shows, most of the high-resolution satellite images of North Korea provided by Google Earth were taken before 2000, covering nearly every region of North Korea. The high-resolution satellite images provided by Google Earth show the date and year when the images were taken (Fig. 2 ).
In addition, there has been almost no study in Korea that researched the impact of nuclear tests on the environment of forests that will be examined through Google Earth in this study, and only few studies examined the destruction of forests.
People in North Korea have cut down trees in mountains for firewood, which turned them into bare mountains, and reduced the area of forests in North Korea by 30% over the past two decades (Song, 2012) . The 'excessive conversion of forests into terraced fields' has devastated forests in North Korea. The unplanned 'development of terraced fields' and the 'new land development project' have been pointed out as one of the causes of the worst-ever flood damage in the mid-1990s in North Korea (Jung and Byun, 2011) . In particular, regions like Hwanghaenam-do and Hwanghaebuk-do have relatively more low hills and slopes than other regions have experienced serious forest destruction due to the development of terraced fields and the new land development project that were conducted in order to secure agricultural lands. In addition, forest destruction and environmental pollution were found to broadly spread across North Korea centering on industrial cities (Ki, 2016) .
For this reason, it will be important to identify and establish measures against the effects of nuclear tests and consequent environmental destruction on the Korean Peninsula, even if they does not pose immediate deadly threats, in order to minimize damage from potential threats (Jang, 2017 
The location of six nuclear test sites conducted in
Punggye-ri identified on Google Earth images is as shown in Fig. 3 , and the conditions of surrounding areas before and after nuclear tests were as shown in Table 1 . Fig. 3 shows the location and date of nuclear tests, and the magnitude of earthquakes caused by nuclear tests. Each nuclear test was carried out within very close proximity, and in particular those from the fourth to the sixth tests seemed to be conducted in almost the same place.
Results and Discussion
As North Korea has continued to conduct nuclear tests, it has been reported that their explosive power has also increased, and there is a growing concern about radioactive pollution and environmental destruction. Experts at home and abroad said that no radioactive substance was detected in the air after nuclear tests, but the possibility that North Korea might push ahead nuclear tests without proper safety measures in place cannot be excluded. There is still anxiety over the possibility that radioactive substances might flow through groundwater.
In addition, since experts express different opinions, it is necessary to provide more reliable, scientific and accurate information and knowledge for the public. In terms of environmental destruction, the magnitude of the earthquake observed after the sixth nuclear test was 6.3, and the seismic vibration was detected in some regions in China and Russia. Satellite images showed that rocks on Mt.
Mantap composed of rock were broken and crumbled with soil, which changed geographical features and raised the possibility of the destruction of ecosystem (Kim, 2012) .
Analyzing spatial images of Google Earth is an effective way to compare and analyze past and present images. In this study, the impact of nuclear tests on environment was analyzed using past and present Google Earth images, and environmental pollution around the nuclear test sites was also analyzed.
The impact of nuclear tests on natural environments is well shown in Table 1 , and the following findings can be reached by analyzing the images. First, the six nuclear tests can be divided into two categories based on their size and location. In terms of their size, they can be grouped into the 1st-2nd tests, the 3rd-5th tests, and the 6th test. In terms of their impact on environments and forests based on their spatial location, they can be grouped into the 1st-3rd tests, and the 4th-6th tests, which shows higher explanation power ( Figs. 3 and 4) .
Second, after the first, second and third nuclear tests, the share of green spaces in their test sites was found to be significantly reduced. In particular, when images before and after the second nuclear test were compared, the slight subsidence of the ground was observed. This kind of subsidence can be caused by the shaft created in the mountainside, and lead to cracks in rocks around the mountain, radiation leaks and groundwater pollution. Since it is difficult to identify the level of leaks of radioactive substances with Google Earth spatial images, this study did not discuss radiation leaks. Still, it is needed to discuss radiation leaks caused by nuclear tests using engineering techniques in follow-up studies. The direct and indirect impact of the 1st-3rd nuclear tests on forest destruction is shown in Figs 5 and 6. Fig. 6 shows that the size of earlier nuclear tests compared to the fifth and sixth tests that were more recently conducted was smaller, and thus that they seemed to indirectly affect earthquakes through changes in geographical features, rather than affecting earthquakes directly (Hilpert and Meier, 2018). These results coincided with the conclusion of Zhang and Wen (2013) that analyzed the impact of the 1st-3rd nuclear tests on earthquakes.
These results indicate that ultimately forest destruction that is indirectly caused by earthquakes or landslides due to changes in geographical features, or forest destruction that is directly caused by nuclear tests can result in the subsidence of rocks or bedrocks, and thus radiation leaks.
Third, after the 4th-6th nuclear tests, the subsidence of the ground and forest destruction were observed not in the nuclear test sites, but in their surrounding areas. In particular, it was observed that the geographical structure and forests of their surrounding areas were seriously destroyed after the fifth and sixth tests. The actual impact of nuclear tests on the geographical structure and features of the areas is expected to be much higher than the level that was exposed outside, and for this reason additional studies and measures need to be established. The impact can lead to large-scale disasters like earthquakes and landslides, which (Ki et al., 2017) .
Conclusion
The reason why environmental pollution and destruction of natural environments need to be urgently managed through scientific analysis and cooperation in the fields of science and technology is that the problems have seriously In particular, as an approach to forest destruction caused by North Korea's nuclear tests, it will be effective to establish and utilize cooperative governance for disasters, assuming that problems associated with nuclear weapons can be addressed by the denuclearization of North Korea (Ki, 2015 to express a will to improve inter-Korean relations through disaster restoration activities and joint research. Unless these conditions are met or these situations are set, it will be difficult to restore forest destruction through cooperation governance for disasters.
In order to apply cooperative governance for disasters between the two Koreas in reality, either the government or government-sponsored organizations need to play a role as a control tower, and strategies for restoring destroyed forests into their original state through various cooperative channels need to be established (Ki, 2015) . Assuming that cooperative relations can be created between North and South Koreas through efforts such as denuclearization of North Korea, international cooperation and academic approaches can be important channels for this kind of cooperative governance. In addition, it will be also meaningful to develop methods and policies to advance them into universal analysis technologies that can be utilized not only in special situations like nuclear tests, but also disasters such as floods and forest fires through this study.
